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INTRAOCULAR ACCOMMODATING LENS
AND METHODS OF USE

REFERENCE TO PRIORITY DOCUMENT

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 14/067,839, now U.S. Pat. No. 9,913,712 filed
Oct. 30, 2013, which 1s a continuation of U.S. patent
application Ser. No. 13/366,165, entitled “Intraocular
Accommodating Lens and Methods of Use,” filed Feb. 3,
2012, now abandoned, which claims the benefit of priority
to U.S. Provisional Patent Application Ser. No. 61/439,767/,
entitled “Intraocular Accommodating Lens and Methods of
Use,” filed Feb. 4, 2011. Priority of the aforementioned
filing dates 1s hereby claimed and the disclosures of the
applications are hereby incorporated by reference 1n their
entirety.

BACKGROUND

The present disclosure relates generally to the field of
ophthalmics, more particularly to ophthalmic devices,
including intraocular lenses (I0Ls) such as accommodating
intraocular lenses.

A healthy young human eye can focus an object in far or
near distance, as required. The capability of the eye to
change back and forth from near vision to far vision 1s called
accommodation. Accommodation occurs when the ciliary
muscle contracts to thereby release the resting zonular
tension on the equatornial region of the capsular bag. The
release of zonular tension allows the mherent elasticity of
the lens capsule to alter to a more globular or spherical
shape, with increased surface curvatures of both the anterior
and posterior lenticular surfaces.

The human lens can be afllicted with one or more disor-
ders that degrade its functioning in the vision system. A
common lens disorder 1s a cataract which 1s the opacification
of the normally clear, natural crystalline lens matrix. The
opacification can result from the aging process but can also
be caused by heredity or diabetes. In a cataract procedure,
the patient’s opaque crystalline lens 1s replaced with a clear
lens 1implant or I0OL.

In conventional extracapsular cataract surgery, the crys-
talline lens matrix 1s removed leaving intact the thin walls of
the anterior and posterior capsules together with zonular
ligament connections to the ciliary body and ciliary muscles.
The crystalline lens core 1s removed by phacoemulsification
through a curvilinear capsularhexis 1.e., the removal of an
anterior portion of the capsular sac.

After a healing period of a few days to weeks, the capsular
sac elflectively shrink-wraps around the IOL due to the
capsularhexis, the collapse of the walls of the sac and
subsequent fibrosis. Cataract surgery as practiced today
causes the irretrievable loss of most of the eye’s natural
structures that provide accommodation. The crystalline lens
matrix 1s completely lost and the integrity of the capsular sac
1s reduced by the capsularhexis. The “shrink-wrap” of the
capsular sac around the IOL can damage the zonule com-
plex, and thereafter the ciliary muscles may atrophy. Thus,
conventional IOUs, even those that profess to be accommo-
dative, may be unable to provide suflicient axial lens spatial
displacement along the optical axis or lens shape change to
provide an adequate amount of accommodation for near
v1s101.

It 1s known to implant a combination of lenses to address
refraction errors in the existing lens 1n the case of phakic
IOLs or improve the refractive results of standard IOL after
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2

cataract surgery in the case of pseudophakic patients. These
“piggyback™ IOLs can be placed anterior to the previously
implanted IOL or natural lens to improve the refractive
results of cataract surgery 1n the case of pseudophakes or to
change the refractive status of the eye 1n the case of phakic
eyes, usually to correct high myopia. Generally, these lenses
are 1mplanted 1n the sulcus and are non-accommodating.

SUMMARY

In one aspect, described herein 1s an intraocular lens
including a shape changing optical element; a force trans-
lation element having a first end region coupled to the
optical element and a second end region extending towards
a ciliary structure, and an attachment portion coupled to the
second end region of the force translation element and
configured to contact the ciliary structure. The force trans-
lation element 1s configured to functionally transmit move-
ments of the ciliary structure 1mnto a force exerted upon the
optical element to effect an accommodating and a disac-
commodating change of the optical element.

The force translation element can be customized for fit
during implantation. The mechanism for customizing the it
can include shiding, twisting, turning, cutting, rolling,
expanding, bending, and applying energy to the force trans-
lation element. The force translation element can be coated
with an expandable material. At least one of the optical
element, the force translation element, and the attachment
portion can be coated with an agent having biological
activity such as heparin, a steroid and rapamicin. The first
end region of the force translation element can be coupled to
an equator of the optical element. A plurality of force
translation elements can be coupled near an equator of the
optical element.

The attachment portion can be configured to contact the
ciliary structure. The attachment portion can be configured
to abut and not penetrate the ciliary structure. The ciliary
structure can be the ciliary muscle, the ciliary body, a ciliary
process, and a zonule. The attachment portion can be formed
of an elastic material. The attachment portion can include
one or more rods. The one or more rods can be curved. The
attachment portion can iclude a three dimensional element
that fills a space adjacent the ciliary structure. The attach-
ment portion can include a fillable element. The attachment
portion can include a glue, hydrogel or fixation material. The
attachment portion can elicit a healing response 1n the ciliary
structure to mduce soft tissue integration of the attachment
portion.

The optical element can have a power in the range of
about £3 diopters to about +5 diopters. The accommodating
change of the optical element can include a change from an
ovold shape to a more spherical shape. The accommodating
change of the optical element can include a change 1n spatial
configuration along the optical axis in an anterior direction.
The force translation element can be formed of a material
generally harder than a material of the optical element. The
second lens can be positioned within the capsular bag of the
eye. The optical element can be positioned anterior to the
second lens. The optical element can be positioned within
the capsular bag of the eye. The optical element can be
positioned posterior to the iris. The optical element can be
positioned anterior to the 1ris. The second lens can include
an 1mplanted intraocular lens.

The lens can further include a haptic coupled to and
extending outward from the optical element. The haptic can
be positioned within a sulcus. The force translation element
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can be coupled to the haptic. The force translation element
can be coupled to the ciliary body to push on the optical
clement.

The force translation element can be coupled to the ciliary
body to pull on the optical element. The accommodating and
disaccommodating change can include a shape change
ellected over the entire surface of the optical element. The
accommodating and disaccommodating change can include
a shape change eflected over a portion of the optical element.
The portion can preferentially bulge upon an accommodat-
ing change. The shape change effected over a portion can be
due to a difference 1n modulus of the portion of the optical
clement compared to the modulus of another portion of the
optical element. A center region of the optical element can
include a lower modulus material than an outer region of the
optical element. The lower modulus material can give way
causing a bulge and a change in dioptric eff

ecCt.

These general and specific aspects may be implemented
using the devices, methods, and systems or any combination
of the devices, methods and systems disclosed herein. Other
features and advantages should be apparent from the fol-
lowing description of various embodiments, which 1llus-
trate, by way of example, the principles of the described
subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts a cross-sectional, schematic view of an eye
showing an embodiment of an intraocular lens implanted
anterior to another intraocular lens implanted 1n the capsular
bag;

FIG. 2 depicts a cross-sectional, schematic view of the
lens of FIG. 1 during accommodation;

FIG. 3A depicts a schematic view of an embodiment of a
lens:

FIG. 3B depicts a schematic view of another embodiment
of a lens;

FIG. 3C depicts a cross-sectional view of the optical
element of the lens of FIG. 3A;

FIG. 3D depicts a cross-sectional view of the optical
element of the lens of FIG. 3B;

FIG. 4 depicts a schematic view of another embodiment
of a lens having haptics and force translation elements;

FIGS. 5A-5B depict schematic top and side views, respec-
tively of another embodiment of a lens having haptics and
force translation elements;

FIGS. 6 A-6B depict schematic views of force translation
elements; and

FIGS. 7A-7B depict schematic views of additional
embodiments of a lens having a hydrogel coating.

It should be appreciated that the drawings herein are
exemplary only and are not meant to be to scale.

DETAILED DESCRIPTION

There 1s a need for improved methods and devices for the
treatment of presbyopia in phakic and pseudophakic
patients. The traocular lenses described herein can be
switched back and forth repeatedly between accommodation
to disaccommodation, just as 1n a young accommodative
natural eye.

The term shape changing optical element refers to an
optical element that 1s made of material that enables the
optical element to alter its shape, e.g., become one of more
spherical 1n shape, thicker to focus on a closer object; or
become more ovoid in shape, thinner to focus on a more
distant and thus alter the optical element’s respective optics
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(alter the dioptric power of the resulting optical element).
The shape change can be eflected over the entire surface of
the optical element, or just over a portion of the optical
clement, such as by having a preferential change or “bulge”
in a portion of the optical element. This can be achieved by
varying the modulus of portions of the optical element. For
example, the center region may be a lower modulus material
than the outer region of the optical element in which case
when the ciliary body accommodates and the force will be
translated to the center of the optical element preferentially
to cause a “bulge” that will provide the desired dioptric
cllect.

Alternatively, the optical element may be a dual optic that
1s designed to translate relative to each other to increase or
decrease the dioptric power of the system.

The term accommodating shape refers to the shape of the
optical element when at least one of the contraction of the
ciliary muscle of the mammalian eye, the lower tension of
the zonules of the mammalian eye and a decrease in the
vitreous pressure 1n the eye occur to effect a focusing upon
a closer object. An accommodating shape 1s generally more
spherical than the disaccommodating shape.

The term disaccommodating shape refers to the shape of
the optical element when at least one of the relaxation of the
ciliary muscle of the mammalian eye, the higher tension of
the zonules of the mammalian eye and an increase in the
vitreous pressure 1n the eye occur to eflect a focusing upon
a more distant object. A disaccommodating shape 1s gener-
ally more ovoid than the accommodating shape.

The term diopter (D) refers to the reciprocal of the focal
length of a lens 1n meters. For example, a 10 D lens brings
parallel rays of light to a focus at (Yi0) meter. After a
patient’s natural crystalline lens has been surgically
removed, surgeons usually follow a formula based on their
own personal preference to calculate a desirable diopter
power (D) for the selection of an IOL for the patient to
correct the patient’s preoperational refractive error. For
example, when a myopia patient with —10 D undergoes
cataract surgery and IOL implantation, the patient can see at
a distance well enough even without glasses. Generally, this
1s because the surgeon has taken the patient’s -10 D
near-sightedness into account when choosing an I0OL for the
patient.

The lenses described herein can mechanically or func-
tionally interact with eye tissues typically used by a natural
lens during accommodation and disaccommodation such as
the ciliary body, ciliary processes, and the zonules, to effect
accommodation and disaccommodation of the implanted
lens. The forces generated by these tissues are functionally
translated to the optical element of the implanted lens
causing a power change to allow a phakic or pseudophakic
patient to more eflectively accommodate.

The intraocular lenses described herein can be implanted
in the eye to replace a diseased, natural lens. The intraocular
lenses described herein can also be implanted as a supple-
ment of a natural lens (phakic patient) or an intraocular lens
previously implanted within a patient’s capsular bag (pseu-
dophakic patient). The lenses described herein can be used
in combination with intraocular lenses described i U.S.
Patent Publication Nos. 2009/0234449 and 2009/0292355,
which are each incorporated by reference herein in their
entirety. As such, the lenses described herein can be used
independently or as so-called “piggyback™ lenses. Piggy-
back lenses can be used to correct residual refractive errors
in phakic or pseudophakic eyes. The primary 10L used to
replace the natural lens 1s generally thicker and has a power
that can be 1n the range of £20 D. The thicker, larger power




US 10,639,141 B2

S

lenses generally have less accommodation. In contrast, the
supplemental lens need not possess a full range of diopters
(D). The supplemental lens can be relatively thin compared
to the primary IOL and can undergo more accommodation.
Shape change and movement of the thinner lens 1s generally
more easily accomplished relative to a thick primary lens. It
should be appreciated, however, that the lenses described
herein can be used independently and need not be used in
combination as piggyback lenses with the natural lens or an
implanted IOL.

FI1G. 1 depicts a cross-sectional view of an eye 5 including
the cormea 10, 1ris 15, sulcus 20, ciliary body 235, ciliary
processes 27, zonules 30 and the capsular bag 35 including
an IOL 40 implanted in the capsular bag 35. A lens 100 1s
shown positioned within the sulcus 20 anterior to the IOL
40. It should be appreciated that although the lens 100 1s
shown positioned within the sulcus 20 and posterior to the
ir1is 15 that 1t can also be positioned anterior to the 1ris 135
within the anterior chamber 45. The lens 100 can also be
positioned within the capsular bag 35 just in front of the
previously implanted I0L 40 or natural lens.

The lens 100 can include a central optical element 105 and
at least two force translation elements 110 extending out-
ward from the optical element 105 (see FIG. 2). The optical
clement 105 can be an adjustable lens such that the optical
properties can be manipulated after implantation, as will be
described 1n more detail below. The force translation ele-
ments 110 can tunctionally couple with at least one of the
ciliary structures such as the ciliary body 25, ciliary pro-
cesses 27, and/or the zonules 30 such that movements of
these tissues during accommodation and disaccommodation
are translated to the optical element 105 via the force
translation elements 110 to cause at least a change in shape
or change 1n position of the optical element 105. The lens
100 can further include at least two haptics 115 coupled to
and extending outward from the optical element 105. The
haptics 115 can be positioned within the sulcus 20 to further
aid 1n the anchoring of the lens in the eye.

FIG. 2 depicts a cross-sectional, schematic view of the
lens 100 during accommodation. The ciliary body 25 1s a
generally circular structure. The ciliary muscle 1s a sphincter
shaped like a doughnut. In natural circumstances, when the
eye 1s viewing an object at a far distance, the ciliary muscle
within the ciliary body 23 relaxes and the inside diameter of
the ciliary muscle gets larger. The ciliary processes 27 pull
on the zonules 30, which 1n turn pull on the lens capsule 35
around its equator. This causes a natural lens to flatten or to
become less convex, which 1s called disaccommodation.
During accommodation, the muscles of the ciliary body 235
contract and the nside diameter of the ciliary muscle gets
smaller. The ciliary processes 27 release the tension on the
zonules 30 and the lens takes on 1ts natural, more convex
shape such that the eye can focus at near distance.

Without limiting this disclosure to any particular theory or
mode of operation, the eye 1s believed to act on the
implanted intraocular lenses described herein as follows.
The force translation elements 110 are implanted such that
they are 1n contact with at least one of the ciliary structures
(1.e. zonules 30, ciliary processes 27 and/or ciliary body 25).
The contraction of the ciliary muscle and inward movement
of the tissues towards the optical axis O applies a force
against the force translation elements 110 (see FIG. 2). The
force translation elements 110 transfer the force to the
optical element 105, which can take on a more spherical
shape suitable for near vision. This contraction of the ciliary
muscle and inward movement of the ciliary body 25 can also
result in a change 1n the spatial configuration of the lens 100
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such that 1t axially displaces along the optical axis O
forwardly 1n an anterior direction (distance D) relative to the
natural lens or a previously implanted I0OL 40. Both the more
spherical shape and the anterior movement away from I0OL
40 can cause an increase in power needed for accommoda-
tion and near vision focus.

As mentioned, the force translation elements 110 can be
coniigured to cooperate with at least one of the ciliary body
25, ciliary processes 27, or the zonules 30 to change the
shape of the optical element 105. It should be appreciated
that the vitreous pressure in the eye can also be involved n
the accommodating shape of the optical element 105. Fur-
ther, 1t the lens 100 1s implanted anterior to the 1ris 15, for
example within the anterior chamber 45, the structures of the
anterior chamber angle can also afliect the accommodating
shape change of the optical element 105.

FIGS. 3A-3B depict an embodiment of an intraocular lens
100 having an optical element 105 and two force translation
clements 110 extending outward from near the equator of
optical element 105. It should be appreciated that the force
translation elements 110 can also extend outward from other
regions ol the optical element 105. For example, the force
translation element 110 can be coupled nearer to one or more
of the poles of the optical element 105. The force translation
clements 110 can be coupled to the optical element 105 or
the force translation elements 110 can be coupled to and
extend from haptics 115, 1f present. It should also be
appreciated that the lens 100 can have more than two force
translation elements 110 such as three, four, five or more
force translation elements 110. In one aspect, the force
translation elements 110 can extend from the optical element
105 on opposing sides of the optical axis O.

When implanted 1n the eye, an end of the force translation
clements 110 can be positioned adjacent the ciliary body 25
on either side of the eye. The force translation elements 110
can be adapted to translate force applied by the adjacent
tissues to the optical element 105 to cause a shape change or
a relative spatial change or both. The force translation
clements 110 can be generally formed of a harder material
than that of the optical element 105. A change 1n hardness or
durometer can be accomplished via a change 1n material. For
example, a higher durometer material can be used for the
force translation elements 110 than the material used for the
optical element 105. For example, the force translation
clements 110 can be made from silicone and the optical
clement 105 can be made from a softer hydrogel. Alterna-
tively, the materials of the force translation elements 110 and
the optical element 105 can be the same, but the hardness
different. Hardness can be determined or quantized using the
Shore A or Shore D scale. The various materials considered
herein for forming the components of the lens 100 are
discussed in more detail below.

As mentioned, the optical element 105 can change to a
more spherical shape during accommodation upon narrow-
ing of the mside diameter of the ciliary body 25 by mechani-
cally and functionally connecting with the movement of one
or more of the cihiary tissues. As shown i FIG. 3A,
contraction of the muscles of the ciliary body 25 can create
a force 1n the direction of arrows A, which 1s then applied to
the force translation elements 110. The force translation
clements 110 translate that force to the optical element 105
(arrows B). Depending on the design of the optical element
105, the optical element 1035 can change shape, for example,
along arrows C shown in FIGS. 3A and 3B into a more
spherical, accommodated shape to view a near object. IT a far
object 1s to be viewed, the optical element 105 can return to
its resting, disaccommodating shape, which 1s more flat
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upon relaxation of the ciliary body 235 and return to its
posterior-most resting configuration decreasing its eflective
power because the force translation elements 115 are no
longer being urged mward by the surrounding tissues.

The optical element 105 can be designed to include a
variety of features that cause an accommodative change in
power. The optical element 105 can include internal cleav-
age planes to cause bulging 1in the center of the optical
clement 105 when the ciliary body 25 and its associated
tissues are in the accommodative position increasing the
power 1n the center of the optical element 1035 (as shown in
FIG. 3B). The optical element 105 can also be fluid-filled
such that movement of the ciliary body 235 and 1ts associated
tissues can cause the fluid to move and bulge near the center
of the optical element 105 increasing its power. The con-
figuration of the optical element 105 can vary as 1s described
in U.S. Patent Publication Nos. 2009/0234449 and 2009/
0292355, which are each incorporated by reference herein 1n
their entirety.

As an example, FIG. 3C illustrates an optical element 105
having an outer lens portion 305 and a core lens portion 307.
The outer lens portion 305 can be structured to include a
center section 320 that can have a reduced thickness or
hardness. The center section 320 can surround the optical
axis O of the optical element 105 and can be located on or
near the anterior face 310 thereof. When the lens 100, and
in particular the optical element 105, 1s compressed, for
example by an inward force at peripheral regions 325 and
330 applied by the force translation elements 110, the optical
clement 105 can be reshaped by an outward bowing of the
anterior face 310. This inward force by the force translation
clements 110 1s due to the compressive force applied to the
force translation elements 110 by at least one of the ciliary
body 25, ciliary processes 27, or zonules 30 depending on
how the lens 100 1s implanted.

As shown 1n FIG. 3D, the outward bowing or reshaping
can be especially pronounced at region 335. This can be due
to a reduced thickness of the outer lens portion 305 at center
section 320. The reduced thickness can be relatively more
prone to give way from the internal pressure of the core lens
portion 307 upon inward force applied at the peripheral
regions 325, 330. The core lens portion 307 can extend
forward, as seen for example in the central region 335 1n
FIG. 3D. The center section 320 can also include a material
of reduced hardness or increased elasticity to be more prone
to give way from the internal pressure.

The extended central region 3335 of optical element 105
can provide near vision correction power. The remainder of
the outer portion 305 outside the center section 320 can have
a greater thickness that can be more resistant to reshaping
under such compression at the peripheral regions 325, 330.
As such, the annular region 340 of optical element 105
extending radially outward of center section 335 can con-
tinue to provide distance vision correction power. The
regions 3335 and 340 of optical element 105, under com-
pression, can provide both near and distance vision correc-
tion powers, respectively. In other words, the anterior sur-
tace 310 of optical element 105 can be a multifocal surface
when the optical element 105 i1s under compression. In
contrast, when the optical element 105 1s 1n the resting
position as shown 1n FIG. 3C, the anterior surface 310 can
be a monofocal surface.

FI1G. 3D illustrates an alternative embodiment of the lens
100, which 1s substantially the same as that shown in FIG.
3C, except for a different construction of the outer portion
305. The center section 320 can be made of a material that
1s relatively more susceptible to outward bowing than 1s the
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peripheral region surrounding 1t. The center section 320 can
be 1njection molded 1n combination with the peripheral
regions surrounding 1t to provide a relatively seamless and
unminterrupted anterior face 310, at least in the rest position
of the lens 100. When the peripheral regions 3235 and 330 are
squeezed towards the optical axis O, the core lens portion
307 can be placed 1n compression thus forcing the center
section 320 1in the anterior direction as shown in the
extended region 335. The material of the outer portion 305
can be generally consistent, though the center section 320
can have a different stiflness or elasticity that causes it to
bow outward farther than the surrounding region.

The extent to which central region 335 extends forwardly,
and therefore the magnitude of the near vision correction
power obtainable by the optical element 105, can depend on
a number of factors, such as the relative thickness, hardness,
stiflness, elasticity etc. of center section 320, the overall
structure of the outer portion 305 and/or the inner portion
307, the material of construction of the outer portion and/or
the inner portion, the amount of force that the eye in which
lens 100 1s placed can exert on the lens 100 and the like
factors. The amount or degree of near power correction
obtainable from lens 100 can be controlled, or at least
partially controlled, by varying one or more of these factors.

The embodiments of the optical element 105 described
thus far, have a resting configuration when no forces being
applied that are lower power or more flat. During accom-
modation when the ciliary body pushes against the force
translation elements 110, the optical element 105 can take on
a more spherical, higher power configuration. It should be
appreciated, however, that the optical element 105 can also
mimic more closely a natural lens. In this embodiment, the
optical element 105 1s high power or more spherical at a
resting configuration when no forces are being applied to 1t.
In this embodiment, the ciliary body relaxes during disac-
commodation and applies tension to the force translation
clements 110 which translate a force on the optical element
105 such that the optical element 105 flattens for low power
and returns to the spherical configuration during accommo-
dation with the ciliary body contracts. In such a configura-
tion, the force translation element 110 could incorporate a
more robust mechanism of attachment to the tissues.

The lenses described herein have the ability, 1n coopera-
tion with the eye, to be reshaped to provide for both distance
focus and near focus, and to be returned to 1ts first configu-
ration 1n which only distance focus 1s provided. The amount
of force required to eflect a shape change in the optical
clement 105 1s generally less than that of moving the optical
clement 105 axially along the optical axis to achieve the
desired change 1n diopter. The change 1n diopter achieved by
a shape change 1s also generally larger than the change 1n
diopter achieved by an axial displacement. The optical
clement 105 can have a power 1n the range of about =1 D to
about +4 D or about 5 D or about 6 D. In an embodiment,
the underlying power of the lens can be within the range of
about =5 D. In an embodiment, the underlying power of the
lens can be within the range of about £3 D. It should be
appreciated that the optical element 105 can also have a
larger power 1n the range of about £20 D.

The force translation elements 110 contact the eye tissue
by way of an attachment portion 120 (see FI1G. 4). The mode
of attachment provided by the attachment portion 120 can
vary. Generally, the attachment portion 120 avoids piercing
or causing trauma to the ciliary body 25. The attachment
portion 120 can interifere with the tissues such that move-
ment of the ciliary body 25, ciliary processes 27 or zonules
30 can be transierred through the force translation elements
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110 to the optical element 105 without causing trauma to the
tissues themselves. The attachment portion 120 can be
formed of a material that 1s generally softer or more elastic
than the force translation elements 110. This provides a more
forgiving surface against which the tissues can abut such that
piercing ol the tissues and 1nadvertent trauma are avoided.
This also allows for the attachment portion 120 to provide a
better fit 1n that there 1s some room for error 1n the overall
length and size of the lens 100 and 1ts components. The
clasticity of the material can also for a one-size-fits-all
approach such that even 1f the measurement was not exact,
the length of the translation elements 110 and attachment
portions 120 would be suflicient to eflect shape change of
the optical element 105 when needed while avoiding con-
stant shape change or tissue damage.

As an example, the attachment portion 120 can be a
generally rigid, elongate rod or plurality of rods 125 (see
FIG. 6A) positioned between and interfering with one or
more zonules 30 or ciliary processes 27. The rods 125 can
be straight, curved, or have a bend at a particular angle
relative to the longitudinal axis of the force translation
clement 110. As an example, the plurality of rods 125 can be
curved such that they form a cup that can interdigitate
between the ciliary processes 27 and/or zonules 30. The
plurality of rods 125 can extend to the ciliary body 25 with
or without making contact with the ciliary body 25.

The attachment portion 120 can also have a three-dimen-
sional shape that fills a space surrounding the zonules 30 or
ciliary processes 27 or that fills the space above the cihary
body 25. As an example, the attachment portion 120 can
have a wedge shape such that the force translation elements
110 extends between the ciliary processes 27 and the attach-
ment portion 120 wedges up against the ciliary body 25. The
attachment portion 120 can also include a three-dimensional
expandable element 123 such as a bag, balloon or bulb
coupled near an end of the force translation element 110.
FIG. 6B illustrates an attachment portion 120 of an embodi-
ment of a force translation element 110 having a plurality of
rods 125. One or more of the plurality of rods 125 can
include an expandable element 123 near a distal end region.
A channel 127 can extend through an interior of the force
translation element 110 into at least a portion of each of the
plurality of rods 125 such that the channel 127 communi-
cates with the expandable elements 123. A fluid (including
a gas or liquid or gel) can be 1njected 1nto a port or other
structure positioned along the force translation element 110
and into the channel 127 such that the expandable element
123 expands outward into one or more directions. The
position of the port can vary, but 1s generally located so that
it does not interfere with the optical part of the device. In
some embodiments, the expandable elements 123 can
expand three-dimensionally such that they fill the space
between the ciliary processes 27 or around the ciliary body
25 or on top of the ciliary processes 27 and covering the
ciliary body 25. The expandable elements 123 can be filled
with a matenal to provide the desired three-dimensional
shape, such as silicone o1l, hydrogel, saline or other material.

As shown 1in FIGS. 7A and 7B, the attachment portion 120
can include a coating 129 made of a material such as glue,
hydrogel or other flowable material (see FIGS. 7TA-7B). The
coating 129 can {ix the attachment portion 120 1n place. The
coating 129 can also act to fill a three-dimensional space
surrounding a particular tissue site to help secure the lens
100. The coating 129 can be injected through a port and into
a channel 127 extending through the interior of the force
translation element 110 1nto the attachment portion 120. One
or more openings 131 positioned near a distal end region of
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the attachment portion 120 can allow for the material to flow
from the channel 127 to an external surface of the attach-
ment portion 120 therein coating the external surface.

Soft tissue integration of the attachment portion 120 can
be achieved by positioning the attachment portion 120 in
direct contact with one or more of the ciliary tissues such
that a minimal level of tissue 1rritation 1s achieved to set ofl
a healing response. Upon tissue 1rritation, a minor inflam-
matory response ensues that 1s enough to cause the attach-
ment portion 120 to become incorporated into the ciliary
processes 27 or ciliary body 235 without interfering with the
physiological role of the tissues. Tissue growth into and/or
around the attachment portion 120 and integration of the
device into the tissue can be achieved without piercing or
causing trauma to the tissue, for example aflecting 1ts ability
to produce aqueous humor.

It should also be appreciated that a combination of
attachment portions 120 with or without soft tissue ntegra-
tion are considered herein. For example, one or more
expandable elements 123 can be coupled to an end region of
the attachment portion 120 that are also filled and coated
with a material that provides fixing power such as glue or
another tlowable material. Further, the expanded shape of
the expandable element 123 can provide certain character-
istics to the attachment portion 120. For example, the
expandable element 123 when filled can form a wedge shape
such that 1t can be used as described above to wedge up
against the ciliary body 25 or between the ciliary processes
2’7 when filled upon implantation. The expandable elements
123 can also provide a degree of customization to the
attachment portion 120 such that the fit can be modified
during implantation. The expandable element 123 can be
positioned at a distal end region of the attachment portion
120 such that upon filling the expandable eclement 123
provides a customized size that provides the most beneficial
fit to the device for a particular patient.

The force translation elements 110 and/or the attachment
portion 120 of the lens can be customized for length, angle
and position relative to various structures of the eye. For
example, the angle at which the force translation elements
110 extend from the optical element 105 can play a role 1n
the distance D away from the natural lens or previously
implanted IOL that the lens 100 1s implanted, which 1n turn
can impact the focal power. Further, the length of the force
translation elements 110 can aflect whether or not the force
translation elements 110 physically contact the ciliary body
or neighboring tissues. If the force translation elements 110
are too long and make contact with the ciliary body in a
resting state 1t 1s possible that the tissue structures can be
damaged or the optical element 1035 can remain in a constant
state of accommodation. Alternatively, 1f the force transla-
tion elements 110 are too short 1t 1s possible that not enough
shape change would be achieved upon ciliary muscle con-
traction to eflect proper accommodation. It 1s desirable,
therefore, to customize and adjust the length, angle, position
or other characteristics of the force translation elements 110
and/or the attachment portion 120 upon implantation. It
should be appreciated that the customization can take place
prior to 1mplantation 1f the appropriate measurements are
known 1n advance of the procedure. Alternatively, customi-
zation can take place on-the-fly during implantation or after
implantation of the lens 100.

The length of each force translation element 110 can be
adjusted by a variety of mechanisms including sliding,
twisting, turning, cutting, rolling, expanding, etc. For
example, the force translation element 110 can be unrolled
upon 1mplantation in an outward direction from the optical
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clement 1035 until the optimum length 1s achieved for proper
accommodation to occur upon ciliary muscle contraction.
Alternatively, the force translation element 110 can be
twisted to reduce the overall length 1t extends outward from
the optical element 105. The force translation element 110
can also be manually cut to an appropriate length.

The force translation element 110 and/or the attachment
mechanism 120 can be formed of a shape-memory material
or other stimuli-responsive material that has the capability of
changing shape under an external stimulus. For example, the
stimulus can be a temperature change or exertion of an
external force (compression or stretching). The shape-
memory material can be activated to extend to a pre-set
length, shape or angle upon application of energy such as
heat. The force translation element 110 and/or the attach-
ment mechanism 120 can be formed of an elastic or super-
clastic matenial such as Nitinol.

The force translation element 110 and/or the attachment
mechamism 120 can be formed of or coated with a material
that expands upon implantation in the eye. The maternal can
expand along a longitudinal axis of the structure or the
material can expand in three-dimensionally so as to fill a
voild adjacent the component. For example, the expanded
material can {ill a void adjacent the force translation element
110 and/or attachment mechanism 120 such as the region
between the ciliary processes. Expandable materials can
include, but 1s not limited to for example, hydrogel, foam.,
lyophilized collagen, swelling acrylic, or any material that
gels, swells, or otherwise expands upon contact with body
fluids. The expandable material can be positioned such that
it causes the force translation element 110 to move from a
retracted state to an expanded state such that 1t extends
between or against an anatomical structure. The expandable
material can also coat the attachment mechanisms 120 and
aid 1n the attachment mechanism 120 taking on a preferred
shape. For example, the attachment mechamism 120 can be
a plurality of rods coated by the expandable material such
that upon 1mplantation the rods are forced outward away
from one another.

As mentioned above, the force translation element 110
can be coupled to a region of the haptic 115. In an embodi-
ment, the haptic 115 can be positioned within the sulcus and
the force translation element 110 can be angled downward to
reach the ciliary body. The force translation element 110 can
be twisted around the haptic 115 to achieve a desired length.
Alternatively, the force translation element 110 can be
coupled to the haptic 115 1 such a way that 1t can be
manually moved along the length of the haptic 115 until the
desired extension towards the ciliary body 1s achieved.

The material of the components of the lenses described
herein can vary. As mentioned above, the force translation
clements 110 and haptics 115, 1if present, are generally
formed of a material having a harder durometer than the
optical element 105 or the attachment mechanism 120 such
that they can translate forces applied by the surrounding
tissues to ellect shape change and/or change in spatial
configuration of the optical element 105. The force transla-
tion elements 110, attachment mechanism 120, haptics 115
(if present) and optical element 105 can each be the same
material, but may have a hardness that differs to achieve the
desired functional characteristics when implanted.

Suitable materials for the preparation of the optical ele-
ment 105 disclosed herein vary and include materials that
are known 1n the art. As an example, materials can include,
but are not limited to, acrylic polymers, silicone elastomers,
hydrogels, composite materials, and combinations thereof.
Materals considered herein for forming various components
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are described in U.S. Patent Publication Nos. 2009/0234449
and 2009/0292355, which are each incorporated by refer-
ence herein 1n their entirety. The optical element 105 can
also be formed from a photosensitive silicone to facilitate
post-implantation power adjustment as taught in U.S. Pat.
No. 6,450,642, entitled LENSES CAPABLE OF POST-
FABRICATION POWER MODIFICATION, the entire con-
tents of which are hereby incorporated by reference herein.

Suitable materials for the production of the subject force
translation elements 110 include but are not limited to
toldable or compressible materials or hard materials, such as
s1licone polymers, hydrocarbon and fluorocarbon polymers,
hydrogels, soft acrylic polymers, polyesters, polyamides,
polyimides, polvurethane, silicone polymers with hydro-
philic monomer units, fluorine-containing polysiloxane elas-
tomers and combinations thereof.

A high refractive index 1s a desirable feature in the
production of lenses to impart high optical power with a
minimum of optic thickness. By using a material with a high
refractive index, visual acuity deficiencies may be corrected
using a thinner I0OL.

The optical element 105 can also be formed from layers
of differing materials. The layers may be arranged in a
simple sandwich fashion, or concentrically. In addition, the
layers may include a series of polymer layers, a mix of
polymer and metallic layers, or a mix of polymer and
monomer layers. In particular, a Nitinol rnibbon core with a
surrounding silicone jacket may be used for any portion of
the lens 100 except for the optics; an acrylic-over-silicone
laminate may be employed for the optics. A layered con-
struction may be obtained by pressing/bonding two or more
layers together, or deposition or coating processes may be
employed.

Where desired, various coatings are suitable for one or
more components of the lens 100. A heparin coating may be
applied to appropriate locations to prevent intlammatory cell
attachment (ICA) and/or posterior capsule opacification
(PCO); possible locations for such a coating include the
optical element 105. Coatings can also be applied to the lens
100 to improve biocompatibility; such coatings include
“active” coatings like P-15 peptides or RGD peptides, and
“passive” coatings such as rapamicin, steroids, heparin, and
other mucopolysaccharides, collagen, fibronectin and lami-
nin. Other coatings, including hirudin, Teflon, Teflon-like
coatings, PVDEF, fluorinated polymers, and other coatings
which are inert may be employed to increase lubricity at
locations on the lens system, or Hema or silicone can be used
to 1impart hydrophilic or hydrophobic properties to portions
of the lens 100.

One or more of the lens components can also be coated
with a therapeutic or other agent that ameliorates a symptom
of a disease or disorder including, for example, steroids,
small molecule drugs, proteins, nucleic acids, polysaccha-
rides, and biologics or combination thereof. Therapeutic
agent, therapeutic compound, therapeutic regimen, or che-
motherapeutic include conventional drugs and drug thera-
pies, including vaccines, which are known to those skilled in
the art. Therapeutic agents include, but are not limited to,
moieties that inhibit cell growth or promote cell death, that
can be activated to inhibit cell growth or promote cell death,
or that activate another agent to inhibit cell growth or
promote cell death. Optionally, the therapeutic agent can
exhibit or manifest additional properties, such as, properties
that permit 1ts use as an 1maging agent, as described else-
where herein. Exemplary therapeutic agents include, for
example, cytokines, growth factors, proteins, peptides or
peptidomimetics, bioactive agents, photosensitizing agents,
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radionuclides, toxins, anti-metabolites, signaling modula-
tors, anti-cancer antibiotics, anti-cancer antibodies, angio-
genesis inhibitors, radiation therapy, chemotherapeutic com-
pounds or a combination thereof. The drug may be any agent
capable of providing a therapeutic benefit. In an embodi-
ment, the drug 1s a known drug, or drug combination,
ellective for treating diseases and disorders of the eye. In
non-limiting, exemplary embodiments, the drug 1s an anti-
infective agent (e.g., an antibiotic or antifungal agent), an
anesthetic agent, an anti-VEGF agent, an anti-inflammatory
agent, a biological agent (such as RNA), an intraocular
pressure reducing agent (1.e., a glaucoma drug), or a com-
bination thereof. Non-limiting examples of drugs are pro-
vided below.

In an embodiment, the lens 100 and/or the mold surtaces
are subjected to a surface passivation process to improve
biocompatibility. This may be done via conventional tech-
niques such as chemical etching or plasma treatment.

Once formed, the subject force translation elements 110
can be permanently attached to optical element 105 by
numerous methods including but not limited to fasteming
within a pre-formed optic slot using glue, staking, plasma
treatment, friction, or like means or combinations thereof.

Furthermore, appropriate surfaces (such as the outer
edges/surfaces of the contacting elements, accommodating
clements, etc.) of the lens components can be textured or
roughened to improve adhesion to the adjacent tissue sur-
faces. This can be accomplished by using conventional
procedures such as plasma treatment, etching, dipping,
vapor deposition, mold surface modification, etc.

In an embodiment, the selected material and lens con-
figuration 1s able to withstand secondary operations after
molding/casting such as polishing, cleaning and sterilization
processes nvolving the use of an autoclave, or ethylene
oxide or radiation. After the mold 1s opened, the lens can
undergo detlashing, polishing and cleaning operations,
which typically involve a chemical or mechanical process,
or a combination thereof. Some suitable mechanical pro-
cesses can include tumbling, shaking and vibration; a tum-
bling process may nvolve the use of a barrel with varying
grades of glass beads, fluids such as alcohol or water and
polishing compounds such as aluminum oxides. Process
rates are material dependent; for example, a tumbling pro-
cess for silicone can utilize a 6" diameter barrel moving at
30-100 RPM. It 1s contemplated that several different steps
of polishing and cleaning may be employed before the final
surface quality 1s achieved.

A curing process may also be desirable in manufacturing
the components of the lens 100. It the lens 1s produced from
silicone entirely at room temperature, the curing time can be
as long as several days. If the mold 1s maintained at about
50° C., the curing time can be reduced to about 24 hours. If
the mold 1s preheated to 100-200° C., the curing time can be
as short as about 3-15 minutes. The time-temperature com-
binations vary for other materials.

It should be appreciated that the lenses described herein
can be implanted 1n a phakic or pseudophakic patient. In an
exemplary implantation procedure, an IOL implantation 1s
performed anterior to the natural crystalline lens or anterior
to a previously-implanted 10L. Although the implantation
procedure can vary, one procedure can be performed as
tollows. One or more clear corneal incisions can be formed.
A first incision can be formed for IOL 1nsertion and a second
incision can be formed for manipulation and assistance of
positioning the IOL. A viscoelastic substance can be mserted
into the eye, such as to at least partially fill the anterior
chamber and/or an area between the 1iris and the intra-
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capsular IOL. The IOL can be inserted 1nto position in the
eye and the force-translation elements inserted 1into a desired
position and connected to the ciliary body. One or more IOL
can be inserted into the ciliary sulcus and the viscoelastic
substance washed out of the eye. A check may then be
performed to verify that the corneal incisions are appropri-
ately sealed. Any of a variety of instruments may be used 1n
conjunction with the procedure. Moreover, 1t should be
appreciated that the aforementioned steps may be performed
in a different order than described above.

While this specification contains many specifics, these
should not be construed as limitations on the scope of an
invention that 1s claimed or of what may be claimed, but
rather as descriptions of features specific to particular
embodiments. Certain features that are described in this
specification 1n the context of separate embodiments can
also be implemented 1n combination 1n a single embodi-
ment. Conversely, various features that are described in the
context of a single embodiment can also be implemented 1n
multiple embodiments separately or in any suitable sub-
combination. Moreover, although features may be described
above as acting 1n certain combinations and even nitially
claimed as such, one or more features from a claimed
combination can in some cases be excised from the combi-
nation, and the claimed combination may be directed to a
sub-combination or a variation of a sub-combination. Simi-
larly, while operations are depicted in the drawings in a
particular order, this should not be understood as requiring
that such operations be performed in the particular order
shown or 1n sequential order, or that all 1llustrated operations
be performed, to achieve desirable results. Only a few
examples and implementations are disclosed. Varations,
modifications and enhancements to the described examples

and implementations and other implementations may be
made based on what 1s disclosed.

What 1s claimed 1s:

1. An mtraocular lens, comprising:

a shape-changing lens body, an optical axis passing
through the lens body when mmplanted in an eye,
wherein the lens body comprises an anterior surface
configured to bow along the optical axis of the lens
body upon application of a compressive force directed
radially inward on a peripheral region of the lens body
creating a shape change;

a haptic configured to anchor and center the lens body
within a portion of the eye, the haptic comprising:

a first end region attached directly to the lens body; and
a second end region extending at a first angle with
respect to the optical axis; and

an accommodating element comprising a plurality of
force translation elements, each force translation ele-
ment comprising:

a first end engaged with the peripheral region of the
lens body; and

a second end extending away from the peripheral
region of the lens body at a second angle with respect
to the optical axis, the second angle diflerent than the
first angle of the haptic,

wherein the second ends of the force translation elements
are configured to contact a ciliary structure outside of
a capsular bag to transmit movement of the ciliary
structure during ciliary muscle contraction, and

wherein the first ends of the force translation elements are
configured to apply the compressive force directed
radially inward on the peripheral region of the lens
body to effect the shape change.




US 10,639,141 B2

15

2. The lens of claim 1, wherein the ciliary structure 1s
selected from the group consisting of the ciliary muscle, the
ciliary body, a ciliary process, and a zonule.

3. The lens of claim 2, wherein the second end of each
force translation element has an attachment portion config-
ured to contact the ciliary structure upon contraction move-
ments ol the ciliary muscle.

4. The lens of claim 3, wherein the attachment portion has
a shape so as not to penetrate the ciliary structure upon
contact with the ciliary structure.

5. The lens of claim 3, wherein the attachment portion 1s
formed of an elastic matenal.

6. The lens of claim 1, further comprising a second lens
body posterior to the shape-changing lens body and config-
ured to be positioned within the capsular bag of the eye.

7. The lens of claim 1, wherein the shape-changing lens
body 1s configured to be positioned anteriorly to a natural
lens of the eye.

8. The lens of claim 1, wherein the haptic 1s configured to
be positioned within a ciliary sulcus between a posterior
surface of the 1r1s and an anterior surface of the ciliary body.

9. A method of implanting the intraocular lens of claim 1,
the method comprising;

forming an incision 1n a cornea of an eye;

inserting the intraocular lens into the eye through the

1NC1S101;

positioning the lens body of the intraocular lens either

inside or outside the capsular bag; and

extending the accommodating element towards the ciliary

structure such that the second ends of each force
translation element abut the one or more ciliary struc-

fures.
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10. The method of claim 9, wherein the haptic 1s posi-
tioned 1nto a ciliary sulcus between a posterior surface of the
ir1s and an anterior surface of the ciliary body.

11. The method of claim 9, wherein the haptic 1s placed
in the capsular bag.

12. The lens of claim 1, wherein the lens body 1s formed
ol silicone elastomer.

13. The lens of claim 1, wherein a material of the plurality
of force translation element 1s the same as a material of the
lens body.

14. The lens of claim 1, wherein the lens body 1s fluid-
filled and the fluid causes the anterior surface to bow along
the optical axis upon application of the compressive force
directed radially inward on the peripheral region.

15. The lens of claim 14, wherein the anterior surface has
a reduced thickness relative to a greater thickness of a region

surrounding the anterior surface.

16. The lens of claim 15, wherein the region having the
greater thickness 1s resistant to reshaping under the com-
pressive force.

17. The lens of claim 1, wherein the anterior surface has
a resting configuration that has a lower optical power and the
shape change creates a higher optical power.

18. The lens of claim 17, wherein the higher optical power
1s 1n a range of about 1 Diopter to about 4 Diopter.

19. The lens of claim 17, wherein the lens body has an
underlying power up to about 20 Diopters.
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